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A continuous silica film with well aligned mesochannels parallel to the Si(001)
surface was found to be formed through sol–gel dip-coating of a silica precursor
with nonionic ethylene oxide surfactant. Two two-dimensional mesoporous
structures in centered and non-centered rectangular symmetries and with the
short axes of elongated ellipsoidal pores normal to the surface were observed by
X-ray and electron diffraction. Detailed transmission electron microscopy
investigations were employed to view the direction dependence of the channel
or pore packing in the continuous film.
1. Introduction
Mesostructured porous silica materials prepared through self-
assembly of surfactants were first reported by Kresge et al.
(1992) and Inagaki et al. (1993). These materials have highly
ordered structures and can be synthesized with various
morphologies, e.g. spheres, fibers, rods, monoliths and thin
films (Yang et al., 1997; Ogawa, 1996; Ogawa & Masukawa,
2000). Other than powder, thin films have been considered as
most promising materials due to their potential use in
chemical sensors, membrane separation, optical devices and
electronic devices. Mesoporous silicas exhibit high porosity
and channel or pore structures of uniform pore size in the
range of 2–30 nm and have been shown to be suitable hosts
for growing nanocomposites (Dag et al., 1999; Yang et al.,
2002). Mesoporous silica films may be applied as insulating
materials in future electronic devices (Yang et al., 2001;
Baskaran et al., 2000; Ho et al., 2003) and as hosts for optical
devices (Molenkamp et al., 2004). However, the mechanical
strength, represented by Young’s modulus (E), of porous films
is usually lower than that of standard dense SiO2 films (E ’
59 GPa) by at least one order of magnitude. Mechanical
strength and stability of porous films are important prere-
quisites for optical and electronic applications and such
strength and stability can be improved through well organized
film texture (Bruinsma et al., 1999; Chen et al., 2003). It is
highly desirable not only to pack well aligned bundles of
channels or pores of mesoporous SiO2 on a silicon substrate,
but also to characterize the texture of films with ‘on-wafer’
samples.
In this study, ordered three-dimensional structures of
mesoporous silica films attached to Si(001) substrate are
determined by transmission electron microscopy (TEM) with
electron diffraction (ED), conventional and grazing-incidence
X-ray diffraction (XRD and GIXD), and X-ray reflectivity
(XRR) measurements.
2. Experimental
2.1. Sample preparation
A mixture of C16EO10 [C16H33(OCH2CH2)10OH] amphi-
philic block copolymer and TEOS [(C2H5O)4Si] in acidic
media was used to prepare templated silica sol (Fan et al.,
2000). The sol was then dip-coated on a pre-cleaned Si(001)
wafer under saturated ethanol vapor to produce a crack-free
and continuous SiO2 thin film of 0.2–0.3 mm in thickness.
Heat treatment by baking under 30% relative humidity at
353–383 K and calcining at 723 or 773 K establishes the
interfacial bonding between the coated film and the substrate,
thus preventing the in-plane shrinkage of the film.
2.2. Characterization
Well organized pore arrangement and film texture of
mesoporous silica attached to Si(001) wafer were clearly
demonstrated by XRD. The XRD experiments were carried
out at the wiggler beamline BL17B of the National Synchro-
tron Radiation Research Center (NSRRC), Taiwan. The
incident radiation was focused and monochromated by a
focusing mirror and a Si(111) sagittal double-crystal mono-
chromator, respectively. The vertical and horizontal angular
divergences and the energy spread of the beam were 0.010,
0.025 and 2 eV, respectively. A radiation wavelength () of
1.550 A˚ was used. A specially designed eight-circle diffract-
ometer was employed to rotate the sample in  and  along the
vertical and the horizontal planes, and to rotate the detector in
2 and  in the vertical and the horizontal planes, respectively
(Fig. 1a). The film sample was placed horizontally at the center
of the diffractometer. A scintillation counter and an image
plate were used as the detectors for collecting the one-
dimensional and two-dimensional diffraction signals, respec-
tively. The – scan gives in-plane structural information and
the –2 scan provides information normal to the interfacial
plane.
For the cross-sectional TEM characterization (see Fig. 1b),
the calcined sample was first cleaved into small pieces of2
3 mm, then pairs of such pieces were glued to each other
through face-to-face contact. The glued stacks were
mechanically ground and polished into wedge shapes,
followed by chemical polishing with Rodel NALCO 2354
CMP fluid. Another on-wafer sample was polished through a
similar process for top-view TEM and transmission-mode
XRD measurements (Fig. 1b). At the tip of the wedged TEM
specimen containing the interface of mesoporous silica and
Si(001), electron transparency was achieved. The TEM
investigations were carried out on a JEOL JEM-2010 TEM,
operated at 200 kV. To avoid damage from electron irradia-
tion, the electron beam intensity was reduced by using a
smaller spot size.
3. Results and discussion
3.1. TEM measurements
Solvent evaporation induces the formation of liquid-crys-
talline mesophases in a silica-template assembly. Since,
through hydrogen bonding, silica species can bind to the
ethylene oxide part of the flexible micelles of C16EO10, the
long-range ordered structure of mesoporous silica is predo-
minately determined by the aggregation of amphiphilic
copolymer templates and by the condensation reaction of
silica species, and such a structure can be further affected by
shearing and heating occurring during film formation. The
texture of a calcined and dip-coated silica film is shown in the
cross-sectional TEM micrographs in Fig. 2, along with ED
patterns. Two types of two-dimensional pore structures are
observed throughout the film (Figs. 2a and 2b). ED patterns
taken at the film–substrate interfaces with a circular selection
area of about 300 nm in diameter show both a two-dimen-
sional centered rectangular structure (denoted as structure I)
with lattice distances aI = 75.4 (24) A˚ and bI = 65.6 (36) A˚ as
calculated from ten detected ED patterns, and a two-dimen-
sional non-centered rectangular structure (denoted as struc-
ture II) with lattice distances aII = 63.9 (6) A˚ and bII =
32.9 (6) A˚ ’ 12 bI, calculated from five detected ED patterns.
Diffraction vectors of (02)I and (01)II from mesoporous thin
films are in line with that of silicon (002): an indication that the
(0k) planes are quite parallel with Si(001) (Figs. 2c and 2d).
This is further verified by X-ray data. Cell parameters calcu-
lated from ED are also in good agreement with the results of
XRD (as will be discussed later). The persistence of periodic
stacking of successive two-dimensional unit cells within a
domain with an average size of 1 mm is shown in Fig. 3.
Mesophase grains were found to be glued together through
coherent and incoherent connections between mesochannels.
As shown in Fig. 3(e), a bundle of mesochannels was found to
rotate near the grain boundary in such a way as to fit snugly
between both grains. This implies a coherent link between
mesochannels in two adjacent grains. In another case,
Fig. 3(d), the lattice image of the left-hand-side grain was
distorted near the grain boundary so as to incur misfit between
mesochannels in two grains.
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Figure 2
Cross-sectional TEM images of a mesoporous silica film on Si(001): (a)
the centered rectangular phase (I) and (b) the non-centered rectangular
phase (II). (c), (d) Electron diffraction patterns of mesoporous silica
along [110] and [110] of the silicon wafer from the regions in (a) and (b).
Scale bar: 50 nm.
Figure 1
Schematic illustrations of (a) rotation axes used in XRD experiments and
(b) three-dimensional pore structures in SiO2 thin film.
3.2. X-ray h–2h diffraction
Fig. 4(a) shows conventional –2 scan XRD patterns in
reflection geometry of as-synthesized (A), baked (B) and
723 K calcined (C) thin films. The diffraction peaks at 2 = 2.49
and 4.90 of the calcined sample are assigned either as (02)I
and (04)I for the two-dimensional centered rectangular phase
(structure I), respectively, or as (01)II and (02)II for the two-
dimensional non-centered rectangular phase (structure II),
respectively. Removing organic templates by calcination
increases the relative electron density contrast between pore
and wall, as well as elevates the intensities of diffraction peaks.
Shrinkage during calcination causes peak shift in terms of 2
values (e.g. from 1.99 to 2.49) and d spacings (e.g. from 44.6 to
35.7 A˚). The widths of the strong peaks of these three samples
are 0.119, 0.114 and 0.114 in 2, which correspond to the
correlation lengths 350, 365 and 370 A˚ along the surface
normal, respectively. With a calcined sample, a mosaic spread
equal to 0.04 at the incident angle  = 1.24 is measured by an
! scan with a fixed reflection angle of 2 = 2.49, and this, in
turn, corresponds to a (02)I or (01)II diffraction peak (profile C
in Fig. 4a) as shown in Fig. 4(b). Such narrow peak widths of
the X-ray –2 scans and of the rocking curves around 2 =
2.49 of the calcined sample C (Figs. 4a and 4b) reconfirm the
assertion that the related lattice plane (0k) was normal to Si
[001] according to the incident and the diffracted angles.
As shown in the TEM images (Fig. 2), the b axes of both
structures I and II were orientated and normal to the surface.
However, when the ordered pores form well structured layers
parallel to the Si crystal surface, only the corresponding lattice
planes parallel to the surface are detected in the –2 scans. As
a result, no peaks related to the a-axis vector, e.g. (11) or (10)
etc., could be observed in the –2 scan mode. This further
implies that no in-plane structural information can be
obtained from the –2 scans.
3.3. GIXD and XRR measurements
To acquire the in-plane information, the GIXD technique
(Fig. 1a) was employed. The – in-plane scanning patterns of
the calcined samples were obtained for various incident angles
i. For the 723 K calcined sample, the incident angle varies
from 0.155 to 0.173 (Fig. 4c) and for the 773 K calcined
sample the angle changes from 0.138 to 0.218 (Fig. 4f) with a
2 value equal to twice the i value. The larger the incident
angle, the deeper the X-ray penetrates into the sample. Since
the penetration depth depends on the incident angle and the
critical angle c of total reflection, it can be calculated based
on X-ray reflectivity (XRR) measurements. Fig. 4(d) shows
the XRR experimental and curve-fitting results for the 773 K
calcined sample, and the final relationship between penetra-
tion depth and incident angle is shown in Fig. 4(e). The critical
angles, c, of total reflection and penetration depths have been
estimated as 0.174 and 9–33 nm for Fig. 4(c), and 0.175 and
5–300 nm for Fig. 4( f), respectively.
For the 773 K calcined sample, the in-plane – scans are
shown in Fig. 4( f). When the incident angle is smaller than
0.188, the penetration depth and intensity of the peak at  =
1.41 will increase with the incident angle. With an incident
angle larger than 0.188, the penetration depth is greater than
the thickness of the thin film. The incident X-ray beam
penetrates into the substrate, and the diffracted intensity is
thus reduced due to absorption as shown in the profiles E and
F of Figs. 4(e) and 4( f). The diffraction profile of (10)II from a
rectangular structure on the top layers showing broad inten-
sity distributions near  = 1.23–1.55, implies that, in the ac
plane, the d spacing is continuously varying in the range 72–
57 A˚ (Fig. 4c) rather than at 64 A˚ ( = 1.41 with a narrow half
width as shown in Fig. 4f). The cell parameters of both
structures I and II have been calculated and their values are
listed in Table 1. By comparing the d values of the in-plane
diffraction peaks, (20)I from the centered rectangular struc-
ture and (10)II from the non-centered rectangular structures,
there seems to be no obvious shrinkage along the a axis
between as-synthesized, 723 K calcined and 773 K calcined
thin films. In Fig. 4(c), the intensities of weak peaks at  =
0.91 are almost constant with respect to different incident
angles i, indicating the existence of a surface layer of d
spacing 97 A˚ on top of the mesoporous structures. The
thickness of this layer, at a few tens of a nanometre, is much
less than the extinction length, so the diffracted intensity is
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Figure 3
Cross-sectional TEM images of bundles of mesochannels with elliptical
pores in (a) the centered rectangular phase and (b) the non-centered
rectangular phase, and (c) rectangular mesophase linked together
through (d) incoherent and (e) coherent connections.
only slightly affected by the change in the incident angle
(Fig. 4c). In Fig. 4( f), the relative intensity of the sharp peak
increases with the penetration depth. This suggests that the
pore structures in deeper layers are more organized than that
of surface layers in the calcined film.
The orientational distribution of
calcined mesoporous channels was
further studied by rotating the sample
around the ’ angle (azimuthal angle
around the surface normal) while
moving the point detector to the (10)II
in-plane peak position. The azimuthal
scans revealed no preferred orienta-
tion of the channels in the in-plane
direction. However, the layers of
channels are packed parallel to the
surface so that the lattice plane (0k) is
well aligned parallel to the surface.
3.4. Two- and three-dimensional
structures of mesophase films
Two-dimensional symmetry of the
stacked layers was also detected using
the GIXD technique with an image
plate as the detector. The size of the
incident beam was about 0.5 
0.5 mm. The resulting scattering
pattern for an incident angle i = 0.20

with a corresponding penetration
depth greater or equal to the thickness
of the film is shown in Fig. 5(a) for the
calcined film. It can be considered as
similar to the combination of the ED
patterns in Figs. 2(c) and 2(d). In
Fig. 5(a), semi-elliptical halos due to
diffuse scattering are clearly shown
between the peaks of (02)I and (11)I.
The elongated shape of the diffraction
spots results mainly from the elliptical
pores distorted along the a-axis
direction with a minor contribution
from the large footprint (covering the whole sample, 1.5 cm
long) of the X-ray beam at low incident angle. The cell
parameters of the calcined film calculated from two-dimen-
sional GIXD data are aI = 74.9, bI = 71.0, aII = 63.8 and bII =
35.5 A˚. By comparing the d-spacing values of the in-plane
diffractions in Fig. 4( f), the weak (20)I peak at  = 2.42
 may
belong to a centered rectangular structure and the (10)II peak
at  = 1.41 may arise from a non-centered rectangular
structure. These d-spacing values are in good agreement with
that measured by electron diffraction. Because the lattice
constants aI and aII of the calcined sample (Fig. 5a) are nearly
the same as that of the as-synthesized thin film, shrinkage
along the a axis was not as obvious as that along the b axis for
both rectangular structures. As observed in this study, aniso-
tropic shrinkage may occur normal to the substrate surface, i.e.
along the b axis, during the heat treatment. The Miller indices
of diffraction peaks in the GIXD images are marked in
Fig. 5(a). The reflections labeled as (21)I and (21)I in Fig. 5(a)
are forbidden by a centered rectangular symmetry; their
presence may have arisen from the distortion of the symmetric
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Table 1
The cell parameters of centered and non-centered rectangular structures
of dip-coated SiO2 film.
The values were calculated from the maxima of (11)I, (10)II and (02)I or (01)II
spots in two-dimensional GIXD patterns for aI, aII and bI or bII, while values in
parentheses were calculated from scanning XRD patterns for bI and bII and by
in-plane XRD for aI and aII.
Structure I Structure II
Sample aI (A˚) bI (A˚) aII (A˚) bII (A˚)
As-synthesized 75 85, (89) 64 42, (45)
Baked at 378 K 76 83, (86) 64 42, (43)
Calcined at 723 K 75 71, (71) 64 36, (36)
Calcined at 773 K (73) (63) (64) (31)
Figure 4
(a) The –2 XRD patterns of as-synthesized (A), baked (B) and 723 K calcined (C) films. (b) X-ray
rocking curve around the 2 peak of 2.5, and (c) in-plane – scanning XRD patterns of a 723 K
calcined film with incident angles  equal to 0.173 (A), 0.167 (B) and 0.155(C), respectively. (d) The
experimental (line) and the fitted results (circles) of the specular XRR pattern of the 773 K calcined
sample, (e) the penetration depth as a function of incident angle calculated from (d), and ( f ) in-plane
– scanning XRD patterns of the 773 K calcined sample with incident angles of 0.138 (A), 0.163
(B), 0.178 (C), 0.188 (D), 0.203 (E) and 0.218 (F), indicated in (e).
structure. The b axis of structure I is indeed found to be not
exactly normal to the surface but randomly tilted in the range
of 5, as shown in the TEM image of Fig. 2(a).
With a fixed incident angle, GIXD images always show the
same patterns even at different azimuthal angles around the
surface normal. This is an indication that the mesoporous
channels of grains in the thin film are randomly orientated in
the plane parallel to the substrate surface. Transmission-mode
XRD also confirms this randomness in orientation by produ-
cing a ring pattern with d spacing = 64 A˚ (Fig. 5b).
The three-dimensional pore features of SiO2 films were also
examined by top-view TEM and ED on backside-polished
specimens. For a mesoporous film of 0.2 mm thickness, good
electron transparency can be obtained with clear images of the
mesoporous channels superimposed on the retained silicon.
According to the top-view TEM images of Figs. 6(a) and 6(h),
the pore feature of structure II, a non-centered rectangle, is
likely derived from coexisting two-dimensional columnar and
three-dimensional pore structures as illustrated in Fig. 1(b).
However, the projected TEM images of three-dimensional
spherical pores can sometimes also give columnar images due
to overlapped spheres. As for the image in Fig. 6(a), tilting of
the sample using an axis normal to the direction of the
columns was performed to confirm the columnar structure.
The resulting TEM image and ED pattern are shown in
Figs. 6(c) and 6(d). Over a large range (20) of tilt angle, the
columnar image was essentially unchanged. This suggests the
existence of a two-dimensional non-centered rectangular
structure (a ’ 64, b ’ 35.5 A˚) of columnar pores in the thin
film. The meshed features of Fig. 6(h) indicate the existence
of a three-dimensional tetragonal structure with a ’ c ’
64 A˚ 6 b.
Pore structures I and II revealed in the cross-sectional TEM
could also be interpreted as the different planes of a three-
dimensional face-centered orthorhombic (f.c.o.) structure,
body-centered cubic (b.c.c.) or hexagonal structure. As for the
f.c.o. structure, if the two-dimensional centered rectangular
lattice were attributed to the projection of a [101] zone axis
and the two-dimensional non-centered rectangular lattice
were assumed as the projection of a [100] zone axis, an f.c.o.
structure with a = 92, b = 71 and c = 128 A˚ should have been
constructed. However, the top-view TEM images do not
match the projection [010] zone axis of the f.c.o. model. The
same inconsistency also existed with a three-dimensional
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Figure 5
The two-dimensional GIXD patterns of a 723 K calcined film with indices
of the peaks (a), and its transmission XRD pattern (b).
Figure 6
(a), (c) The columnar feature in top-view TEM images of a 723 K calcined
film with d spacing = 64 A˚, with (b) and (d) their ED patterns [(c) was
tilted19 from (a)]. (e) Top-view TEM image and (g) schematic drawing
of the aggregation of the grains, with ( f ) its ED pattern. (h) A mesh-like
feature of three-dimensional pore structure with d spacing = 64 A˚.
hexagonal structure or a b.c.c. structure. Consequently, struc-
tures I and II detected by the cross-sectional TEM could not
have belonged to a single three-dimensional structure.
Furthermore, the TEM image with a lower magnification in
Fig. 6(e) clearly showed the irregularity of the channel direc-
tion with ED pattern (Fig. 6g).
4. Conclusion
The diffraction patterns of GIXD have been shown to provide
information about lattice parameters of centered and non-
centered rectangular two-dimensional structures in a thin film.
The uniformity over the film as well as the structure of the film
relative to the substrate are assessed by cross-sectional TEM
and ED techniques. The in-plane directional distribution of
bundles of mesochannels in a film is estimated by transmis-
sion-mode XRD as well as by top-view TEM, and no preferred
orientation has been revealed, although the mesochannels and
mesopores are packed parallel to the substrate surface.
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